Introduction
In industrial-process control, temperature is the most frequently controlled and measured variable. It is necessary to monitor temperature in a wide variety of industries because the proper operation of most industrial plants-and frequently the safety of their operation-is related to the temperature of a process. The transducers for measuring temperature fall into two categories. If the transducer is directly connected or inserted into the body to be measured, the transducer is a thermometer. If the temperature is measured by observing the body to be measured rather than by direct contact, the transducer is a pyrometer. Pyrometers indirectly determine temperature by measuring the radiated heat or sensing the optical properties of the body.
Definition of temperature
The molecules of all substances are in constant motion due to thermal energy. The temperature where molecular motion totally ceases and there is no thermal energy is called absolute zero, a point that cannot be reached in practice. In a solid, molecules are constrained to a particular relationship to other molecules and molecular motion is vibrational energy. In liquids, the molecules have sufficient energy to move from their fixed locations and move around each other. As more heat energy is added to a substance, the velocity of molecules increases to the point that the molecules overcome the attractive forces between them and are free to roam independently of each other, forming a gas. Theoretically, there is no upper limit to temperature-as temperature is increased, molecules break apart into atoms and atoms lose electrons, forming a plasma.
Temperature (from the Greek words for "heat measure") is related to the average translational kinetic energy of molecules due to heat. Notice that this is entirely different than the concept of heat. Heat is a measure of the total internal energy of a substance, measured in joules or calories. Thus a substance with a higher temperature may contain less heat if it has a smaller total internal energy. For example, a hot cup of coffee has a higher temperature than an iceberg because of the average velocity of its molecules, but the iceberg contains more thermal energy because of its mass. In the macroscopic view, temperature can be defined as a condition of a body that determines the transfer of heat to or from other bodies.
Temperature scales
Although he did not invent the thermometer, Gabriel Fahrenheit, a Dutch instrument maker, was recognized for producing the first mercury thermometers; they were the first ones accurate enough for scientific work. His scale was calibrated on the basis of the lowest temperature he could obtain (a mixture of ice water and ammonium chloride at O°F) and the temperature of the human body as 96° (although 98.6° was later found to be more accurate). The scale, used primarily in the United States, indicates the freezing point of water as 32° and the boiling point of water as 212° at standard pressure. Absolute zero is at a temperature of -459.6° on the Fahrenheit scale.
The Celsius scale is more widely used worldwide than the Fahrenheit scale. The Celsius scale defines the freezing point of water as 0° and the boiling point as 100° at standard pressure. This scale has absolute zero at -273.15°C.
The Kelvin scale is an absolute scale in which all temperatures are positive; it is the temperature scale used in most scientific work. Thus absolute zero is defined as 0 K. Degree markings on the Kelvin scale are defined as 1/273.16 of the triple point of water. The number of degrees between the freezing point of water and the boiling point of water is the same on both the Celsius and the Kelvin scales; thus the magnitude of degrees on the two scales is the same.
Conversion of temperatures between the scales can be done with the following equations:
The thermocouple
A thermocouple junction is created when two dissimilar metal wires are joined at one end. When the junction is heated, a small thermionic voltage that is directly proportional to the temperature appears between the wires. This effect was discovered by Thomas Seebeck in 1821 and is named the Seebeck effect. The emf is produced by contact of the two dissimilar materials and is proportional to the junction temperature.
If a circuit is completed by joining both ends of the wires and one junction is at a different temperature than the other, a current will flow in the circuit, as illustrated in Figure 13 -7. The amount of current is a function of the temperature difference between the two junctions and the type of metals used in the wires. To be useful as a temperature measurement, one junction is the sensing, or "hot," junction, whereas the other junction is the reference, or "cold," junction. If the cold junction is at a known temperature, such as that of melting ice, the current in the circuit can be calibrated in terms of the temperature of the sensing junction. If you break the circuit and try to measure the thermionic voltage created at a junction with a voltmeter, you encounter a problem. This is because when you connect the leads of a voltmeter to the dissimilar metals of the junction, you create two new junctions (called parasitic junctions) that are themselves thermocouples, as shown in Figure 13 -8. Even if both meter leads are at the same temperature, the voltmeter responds only to the difference between the temperatures of the meter leads and the original junction that you are attempting to measure. The voltage read by the meter is given by the approximate equation:
O C and T1, T2= junction temperatures.
It would appear that it is necessary to know the temperature of the voltmeter leads in order to use a thermocouple to measure an unknown temperature. The solution to the dilemma is to move the junctions from the voltmeter onto an isothermal block and place the block at a known reference temperature. The voltage from the unknown junction will now be proportional to the type of materials and the temperature difference between the unknown and the reference block. This idea is illustrated in Figure 13 -9. The temperature can be a precisely controlled reference, such as the temperature of melting ice. Although melting ice is a suitable reference, it is inconvenient and not necessary for most measurements. For high-temperature measurements, the accuracy of the reference may be sufficient if the block is at room temperature. The isothermal block is usually made from a thermally conductive ceramic material. Its temperature can be monitored with an IC temperature sensor or thermistor (discussed later), and compensation for the block temperature can be done by a microprocessor. It is not necessary to keep the cold junction at a constant temperature, as long as the reference is known. You may wonder why bother with the thermocouple at all if sensors exist that can measure the temperature directly. The reason is that the range of the sensor for measuring the reference temperature is limited, but the thermocouple can operate over a much larger range and at much higher temperatures. Special electronic compensation circuits are available that both track the cold-junction temperature and scale the output voltages to common types of thermocouples. These circuits provide automatic compensation and offer the same accuracy as an ice bath but are much simpler to implement (±0.5% accuracy). The circuits consist of two parts-a cold-junction compensating integrated circuit and an op-amp amplifier to provide signal conditioning and amplification. In applications where the Seebeck coefficient is small (as in type-S thermocouples), chopperstabilized amplifiers are used because of their stability.
Although the above equation indicates a linear relationship, actual thermocouples deviate from this ideal. Figure 13 -10 shows the relationship between the temperature and the thermoelectric voltage for several types of common thermo-couples.
The output voltage is shown for a reference temperature (T1) of O°C. The slope of the line represents the Seebeck coefficient in the equation, but the slope is not constant for the full range of temperature for any given thermocouple. One of the more linear types is the K-type, with a Seebeck coefficient specified as 39.4 µV/ O C. The K-type has a linear coefficient over the range of 0 O C to 100 O C and is widely used for this reason. If greater accuracy is required, refer to thermocouple reference tables published by the NIST.
Standard thermocouples cover different ranges of temperature and have different sensitivity, linearity, stability, and cost. For reference, standard thermo-couples are compared in Table 13 -2. For instance, type-J thermocouples containing iron are relatively inexpensive but limited in range. Type-R and type-S thermocouples (platinum-rhodium) are particularly stable, the type-E thermocouple has advantages for measuring low temperatures but has higher nonlinearity than others, and type-W (tungsten-rhenium) thermocouples are suited for very high temperatures. Exposed-junction thermocouples are fragile and corrode easily; to prevent this, sheathed probes are made in a metal or ceramic insulated tube. Additional protection is given to the wires by overbraiding.
Measurement with thermocouples
In order to provide circuits optimized for temperature measurements, manufacturers have devised special thermocouple digital thermometers. Essentially, the thermometer is a digital voltmeter that uses a computer memory to store the Seebeck coefficients and a microprocessor to recall the appropriate coefficient and convert the measured emf to a temperature. The output of a thermocouple is fairly linear for small regions but not over its entire range. Sophisticated thermometers use polynomial curve fitting to reduce the error from a straight-line fit. Accuracy can be improved if the thermometer, along with the thermocouple to be used, is calibrated against a standard temperature near the one to be measured.
Because thermocouples produce a relatively small output voltage, typically a few mV, special precautions must be observed to prevent noise from affecting the data. Thermocouples are susceptible to interference because the wire can act as an antenna for interference pickup. To avoid interference, keep the thermocouple wire as short as possible; twisting the lead wires and shielding may be necessary. Connect the shield to the guard terminal of the thermometer. When longer runs are required, the thermocouple wires should be extended with commercially manufactured extension wire designed to match the Seebeck coefficients for the particular thermocouple.
Other problems associated with thermocouple measurements may be due to the environment in which they are in contact. In harsh chemical environments, thermocouples may deteriorate. Water can cause problems because of dissolved electrolytes and impurities. The thermocouple wires should be protected from harsh environments and liquids by special shielding. At extreme temperatures, the metal of the thermocouple can boil off, changing the alloy and the Seebeck coefficient. These types of deteriorations require the thermocouple to be replaced periodically. As a check on deterioration, the thermocouple's electrical resistance can be logged. To measure the resistance, the ohmmeter should be used on the same range every time-readings are taken with the leads on one set of contacts and then reversed. The average of the readings is used. This procedure cancels out the effect of the thermocouple's own emf.
It is worth noting that there are operational amplifiers on the market specifically designed to work with thermocouples. Analog Devices markets two operational amplifiers, the AD-594 and AD-595, that linearize and amplify the signal from type-J and type-K thermocouples, respectively. The integrated circuit also contains a built-in ice-point compensation and has an output of 10 mV/ O C. It uses a differential amplifier on the input with a single-ended output.
The Resistance Temperature Detector (RTD)
A resistance-temperature detector (RTD) exploits the fact that the resistivity of metals is a positive function of temperature. The change in resistivity causes a change in the resistance of a conductor. Nearly all RTDs are constructed from fine wire of platinum, although wires made from nickel, germanium, and carbon-glass are occasionally used for specialized applications. The highest-quality RTDs are made from platinum wire that is mounted in a manner to avoid straininduced change in the resistance. Platinum RTDs (PRTDs) are the most accurate thermometers made for temperatures between the boiling point of oxygen at -182.96°C to the melting point of antimony at 630.74°C, and special laboratory PRTDs are used as interpolation standards between these temperatures. The useful temperature range extends to as low as -240°C and as high as + 750°C
The nominal resistance of standard RTDs is designed to be 100Ω at 0°C, although special RTDs with resistances from 50 Ω to 2000 Ω are also available. The resistance at any temperature can be determined by the alpha, a number that specifies the resistance change per ohm of nominal resistance per degree change in temperature. The resistance can be found at any temperature, t, from the linear equation
RTDs are made from either wirewound or film elements mounted on a core and sealed within a capsule. Examples of wire wound and film elements are shown in Figure 13 -11. Wirewound assemblies are typically supported on a ceramic or glass core with a special winding technique to avoid inducing strain in the wire that could change the resistance. Film elements are made from a platinum sensing layer on a ceramic substrate. New miniature thin-film RTDs can be made smaller than a match head with accuracy equal to that of wirewound units and better response time at a lower cost.
The resistance measurement of RTDs is generally done by a Wheatstone bridge or a fourwire ohms measurement. In the bridge method, the RTD is placed in one leg of the bridge and the output voltage is sensed. The output voltage is a nonlinear function of the resistance, so a correction must be applied to determine the resistance of the RTD and the associated temperature. Since the resistance of RTDs is typically 100 Ω or so, care must be taken to avoid problems with lead resistance. The four-wire resistance method uses two leads to source a constant current into the RTD and two leads to sense the voltage developed across the RTD. This method avoids the nonlinearity problems associated with resistance measurements in the Wheatstone bridge. Because the sense wires carry very little current, the wire-resistance problem is alleviated.
Thermistors
Like RTDs, thermistors (thermal resistors) change resistance as a function of temperature; however, instead of a positive temperature coefficient, they have a negative coefficient (resistance decreases with increasing temperature). Thermistors are available in a variety of packagesincluding glass beads, probes, discs, washers, rods, and so forth. Typically they are manufactured as small, encapsulated beads made of a sintered mixture of transition metal oxides (nickel, manganese, iron, cobalt, and so forth). These oxides exhibit a very large resistance change for a change in temperature. At room temperature, the resistance is about 2000 Ω. In addition to the advantage of great sensitivity (400 times greater than an IC thermocouple), thermistors are chemically stable, have fast response times, and are physically small. The small physical size and fast response of thermistors makes them ideal for monitoring temperatures in a limited space, such as the case temperature of a power transistor or the internal body temperature of an animal. The negative temperature coefficient, opposite to that of most semiconductors, makes them ideal for applications where temperature compensation of semiconductor devices is required. The major limiting factors for thermistors are the limited range-from -50°C to a maximum of 300°C-fragility, de-calibration if exposed to high temperatures, and a nonlinear response. The constants A, B, and C can be found for a given thermistor by writing three equations for the thermistor at three different temperatures and solving the simultaneous equations for the constants. With curve-fitting, thermistors can be useful for measuring temperature to ±0.1°C accuracy. In addition, special linearizing networks are available for applications where a linear response is needed.
Thermistors can be placed in one leg of a Wheatstone bridge to provide precise temperature information; the Wheatstone bridge is particularly sensitive near balance, and a temperature change of as little as 0.0l°C can be detected. For less-demanding operations, a thermistor can be placed in the voltage-divider arrangement shown in Figure 13 -12. Because of the high sensitivity, thermistors can be measured directly with an ohmmeter or with special meters calibrated for thermistors.
Example of thermistor linearization:
A simple method of improving the linearity of the thermistor (but at the cost of sensitivity) is to put a resistor in parallel with it. This parallel combination can be used to control the gain in an amplifier circuit to give an output voltage proportional to temperature. This amplifier can be then followed by an amplifier with an adjustable gain and an adjustable offset as shown in the figure below.
R1 is chosen to give some fraction of the total gain required. Then R3 can be adjusted to give the final gain (i.e., overall sensitivity) that is required. R4 can be adjusted so that the output voltage is 0V at the desired temperature.
Semiconductor temperature sensors
The junction voltage of a forward-biased diode with a constant current is a function of temperature. For silicon diodes, the voltage across the diode decreases by approximately 2.2 mV for each degree Celsius rise in temperature. By detecting this change in voltage, transistors and diodes can be used as temperature sensors. The exact sensitivity depends on certain parameters such as the size of the junction, doping level, and current density and varies between devices. Diode temperature sensors are inexpensive and can provide an indication of temperature; however, normally their range is limited to -40°C to + 150°C. Some new diode sensors have been developed that can measure temperatures in the cryogenic regions with a range of 1.4 K to 475 K. These sensors must operate with extremely low current to minimize self-heating effects.
Certain DMMs are set up to measure temperature directly by using an npn transistor as a sensor. For example, the Tektronix DM 501 has a TEMP PROBE connector. An npn transistor, such as a 2N2484, can be used in place of the probe to get ±5°C accuracy with no calibration and better accuracy with a simple calibration.
IC sensors
To improve the accuracy, linearity, and sensitivity of simple diode sensors, manufacturers have developed IC temperature sensors. IC sensors are not as accurate as resistance thermometers or thermocouples, but they are convenient and low in cost. IC sensors are available in conventional transistor and IC packages with either a voltage or a current output that is proportional to temperature. An example of a sensor with a voltage output is National Semiconductor's LM135. The circuit operates as a two-terminal zener diode with a breakdown voltage that is proportional to the absolute temperature: + 10 mV/K. The LM135 operates over the range from -55°C to 150°C. A device with a current output is Analog Devices AD590. This two-terminal device is connected in series with a low-voltage power supply, and the series current is equal to µA/K. IC sensors are an improvement over diode sensors but still have the problem of limited range and fragility. The advantages are easy calibration, low cost, and an output that can be read directly in degrees when connected to a DMM.
Radiation pyrometer
The radiation pyrometer is a non-contacting temperature sensor that can detect infrared radiation from a source, thus making it possible to measure temperatures from a remote location. It is generally used to observe high temperatures such as hot ovens, but with recent developments, it is capable of measuring temperatures to as low as -50°C. It operates by filtering all but the infrared radiation from the field of view and focuses the radiation onto a temperature-sensing element. The temperature sensor converts the absorbed radiation into a voltage or current. This is converted to a reading that indicates the temperature of the source. Pyrometers are primarily used for measuring high temperatures in inaccessible locations or in environments in which a thermocouple cannot operate.
II.
MEASUREMENT OF STRAIN
Introduction
If you apply a force to an elastic material, it will deform to some extent. Elasticity is the ability of a material to recover its original size and shape after a deforming force has been removed. If a relatively small force is applied to the length of a block, the block will change length by an amount that is proportional to the applied force. The applied force can be either a positive tensile force or a negative compressive force, as shown in Figure 13 -14. As long as the material remains elastic, the change in length is proportional to the applied force. This relationship is known as Hooke's law:
The tendency of a body to return to its original shape is limited. As more and more force is applied to a body, it reaches its elastic limit -a point where permanent deformation results. For materials such as steel, the elastic limit is reach if the change in length is more than a small percentage of its initial length. Once this point is reached, additional force will cause deformation and fracture. Some materials, such as modeling clay, have no elasticity and will not return to their original dimensions regardless of how small a force is applied. Clay is said to be a plastic materia/.
The deformation of a material depends on its length, cross-sectional area, and composition. Let's examine the effect of length first. If two homogeneous blocks of the same diameter and material are compressed by the same force, the longer block will be compressed by an amount that is proportionally greater. However, if we divide the change in length by the original length of the block, we obtain a quantity that is independent of the block's length: In practice, the magnitude of strain is a very small number; hence it is common practice to express strain in units of microstrain. Microstrain is ε x 10 -6 and is written as µε.
The second factor that affects the block's change in length is the area of the block. Imagine a block that is supporting a load. The load causes the block to be compressed by some amount. If a second identical block is added to share the load, the force is distributed equally between the two blocks; the change in length is half as much as before. Evidently, the effect of the force on the strain is reduced by the area of the block; that is:
In order to change the proportional relationship in an equation, we need to introduce a constant that is related to the composition of the block. This constant is called Young's modulus, E, and is a property only of the material. Young's modulus is a measure of the stiffness of a material and, for a given cross-sectional area, of the material to resist a change in length when loaded. Hooke's law can then be modified to The above equation indicates that the stress is equal to Young's modulus times the strain. Notice that stress has the same units as pressure, namely, force per area. The stress-strain relationship is usually written σ = Eε
The relationship between stress and strain depends on the material, including any heat treatment it may have had. A stress-strain diagram is shown in Figure 13 -15 for low-carbon steel.
Notice that it begins with a proportional region where Hooke's law applies. If the stress is removed along this region, the steel will return to its original shape. At the elastic limit, increases in strain are no longer proportional to increases in stress. With continued increases in stress, a point is reached called the yield point, where additional strain occurs without a corresponding increase in stress. After this point, permanent deformation occurs. This region is called the plastic range. Continued stressing of the material leads to a point called the ultimate, or tensile, strength of the material.
The strain gage
As defined earlier, a resistive strain gage is a thin metallic conductor that is firmly attached to a solid object to detect strain in the object. When a force causes the test object to be deformed, the strain gage undergoes the same deformation, causing the resistance of the gage to change. Strain is a directly measurable quantity, but stress, usually the measurand of interest, is not. The measurement of stress requires knowledge of material constants such as Young's modulus and Poisson's ratio.
Consider a thin metallic conductive bar that has a resistance R. Recall from basic electronics that the resistance of wire (or a metallic bar) can be found from the equation A l R = Note that the resistivity is a constant for the material at a given temperature. If the bar undergoes a compression force, the length of the bar is decreased and the area of the bar is increased. This causes the resistance of the bar to decrease. The new resistance of the bar is given by:
The volume does not change for a metallic conductor as it is compressed. With this premise and the above equation, it can be shown that the change in resistance is equal to l l R GF R ⋅ = where GF = a constant called the gage factor, dimentionless For materials that exhibit a change in resistance strictly due to dimensional change, the gage factor is approximately 2.0. This approximation is good for metals. The gage factor may change in response to effects such as temperature change, the composition of foil material, and any impurities in the foil material. For certain special gages made from semiconductor crystals, the gage factor can be much larger than that of standard foil gages (from 20 to 200). The gage factor is a measure of the sensitivity of the strain gage, so a larger gage factor implies a larger change in resistance for a given strain-an advantage because a larger change in resistance is easier to measure accurately. When semiconductor gages, with large gage factors, were first introduced, the high output was considered an important advantage; however, these gages are sensitive to temperature variations and tend to be nonlinear. With inexpensive, high-quality amplifiers available, conventional metallic gages are more widely used because of their inherent accuracy.
Metallic strain gages are made from very thin conductive foils with a conductor folded back and forth to allow a long path for the conductive elements while maintaining a short gage length. A typical strain gauge and strain gage nomenclature are illustrated in Figure 13 -21. Gage lengths vary from as small as 0.2 mm to over 10 cm. The back-and-forth pattern is designed to make the gage sensitive to strain only in the direction parallel to the wire and insensitive in the direction perpendicular to the wire. Most gages exhibit some transverse sensitivity, but the effect is generally small, usually less than a small percentage of the longitudinal sensitivity. Typically, the foils are made from special alloys such as constantan, a combination of 60% copper and 40% nickel. Standard foil resistances are 120 Ω and 350 Ω; some gages are available with resistances of up to 5000 Ω.
There are two basic types of strain gages, bonded and unbonded; bonded strain gages are more widely used for measuring strain. Bonded strain gages are made with a carrier adhesive on an electrically insulating backing that serves as electrical isolation and a means of transmitting the strain in the specimen to the gage. The gage is attached to the specimen with a special adhesive. The adhesive is a critical part of the transducer because it must transmit the strain to the gage without "creep" and must maintain a void-free line throughout the operating life and temperature range of the gage. Special adhesives have been developed by manufacturers for installation of strain gages.
There are several configurations for unbonded strain gages, but generally they consist of pretensioned wires assembled in some type of fixture. One type uses four resistance wires stretched in a frame containing a movable armature. The wires are connected such that when the armature moves, two of the wires are placed in tension and two are put in compression. The change in resistance can be measured on a Wheatstone bridge. Unbonded strain gages can be used to measure displacement directly but have a number of disadvantages for strain measurements, including weight, fragility, sensitivity to vibration, and attachment difficulties.
Measurement with strain gage
In a single bar of conductive material, the change in resistance within the elastic region is an extremely small quantity and requires sensitive instrumentation. The change in resistance is too small for ordinary ohmmeter measurements. To measure the tiny resistance changes, a Wheatstone bridge circuit is normally employed. It is powered by a stable dc source, normally set for 15 V or less to avoid self-heating of the gages. A Wheatstone bridge is capable of detecting resistance changes by employing the strain gages as an element in one or more arms of the bridge. The preferred configuration for most strain gage measurements is with active strain gages in all four arms of the bridge; however, we examine other arrangements as well.
In addition to the requirement for high sensitivity of the measurement instruments, strain gage measurements are complicated by temperature effects that must be accounted for in order to determine the signal due to the actual strain in the specimen. There are two temperature effects of importance-gage-resistance changes due to heating and specimen expansion and contraction. Temperature effects that change the resistance of the gage produce apparent strain; the gage itself cannot discriminate between mechanically and thermally induced temperature effects. Temperature compensation is often employed in the bridge circuit to simplify data analysis.
A Wheatstone bridge with a strain gage in one arm is called a quarter-bridge configuration; a quarter bridge is illustrated in Figure 13 -22. The bridge shown includes a dummy gage that does not experience the strain; it is included for temperature compensation.
To determine the strain, the output voltage with no strain is observed; the bridge can be balanced (zeroed) at this point by adjusting one of the bridge resistors. The gage is then subject to strain, and the output voltage is observed again. The strain is found by the equation The equations take into account the non-linearity of the bridge. This error is very minor at the low levels normally encountered in experimental stress analysis work. If the bridge is initially balanced (V out , unstrained = 0V) and we ignore the very minor non-linearilty of the bridge near balance, the strain reduces to:
When two active gages are used, the configuration is called a half-bridge. A half-bridge configuration produces increased sensitivity over a quarter-bridge arrangement and is best applied to measuring bending beams. For bending measurements, the two gages are installed so that one is in tension and the other is in compression by installing one directly on top of the other and on opposite sides of the beam. They are connected in adjacent arms of the Wheatstone bridge, as illustrated in Figure 13 -23. This arrangement causes temperature effects, which change the resistance of both gages in the same way, to be canceled because they are in adjacent arms of the bridge.
For axial strain measurements, the connection of the active strain gages is to the opposite diagonals, causing bending effects to be canceled and axial strain to be additive. In this arrangement, temperature effects that change the resistance are additive, since the gages are installed in opposite diagonals. A common procedure is to include the use of compensating (dummy) gages for nullifying temperature effects in the remaining arms. Compensating gages can be mounted on a small unstrained block of the same material as the specimen or they can be mounted in such a manner that they do not experience strain.
The chief advantage of a half-bridge over a quarter-bridge is an increase in sensitivity by a factor of 2. If we ignore the minor nonlinearity error for the bridge, the strain for a half-bridge arrangement can be found from the equation
A full-bridge configuration uses active gages in all four arms. Two strain gages in opposite diagonals are in tension and the other two are in compression. Temperature compensation can still be included by placing compensating elements in the excitation lines and at the output junction, as shown in Figure 13 -24. Again ignoring the minor nonlinearity error, the strain for a full-bridge arrangement with four equal strain gages can be found from the equation
Load cells are generally constructed with 350 Ω strain gages mounted in a full-bridge arrangement. Notice that the resistance measured from excitation leads to output leads will also measure a nominal 350 Ω in the unstrained condition. When the strain gages are mounted in a load cell in the full-bridge configuration. the full-scale output of the load cell is normally designated to be 1, 2, or 3 mV of signal per volt of excitation.
Manufacturers of strain equipment have developed instrumentation that performs the basic functions necessary for making a strain measurement. Basic functions include operational controls that enable the user to set the gage factor directly into the arm resistance, scale the output signal, zero the bridge, and perform calibration. In addition, the instrument supplies the excitation voltage, completes the quarter-and half-bridge configurations, and provides for the read-out. Other functions may be employed by sophisticated instrumentation, including multiple-channel acquisition, active filtering, tape playback, and computer analysis of data, to name a few.
III. MEASUREMENT OF PRESSURE
Consider a fluid such as water in a flat-bottomed container. The weight of the water exerts a force on the bottom of the container that is distributed over the entire bottom surface. Each square meter of the bottom area carries the same weight as every other square meter. The force per unit area is defined as pressure. That is
As indicated, pressure is measured in Newtons per square meter. One Newton per square meter has been given the special name Pascal (abbreviated Pa). This unit is small, so it is common to see the unit written with a prefix of kilo-or mega-. In the English system, if force is measured in pounds and the area is measured in square inches, the pressure is in pounds per square inch (psi); 1 psi is approximately 6.895 kPa. Pressure can also be measured in terms of the height of a column of mercury it can support, a common procedure for atmospheric pressure. Atmospheric pressure is the force on a unit area due to the weight of atmosphere; it can be written as either 760 mm of mercury, 29.92 in. of mercury, 14.7 psi, or 101 kPa
In a static fluid, pressure acts equally in all directions and increases in proportion to the depth. It also depends on the density of the liquid and any additional pressure acting on the surface. If the surface is exposed to the atmosphere, atmospheric pressure acts on the surface. Note that the pressure in a liquid does not depend on the quantity of liquid, only the depth, density, and surface pressure. Ignoring surface pressure, we can find the pressure of a liquid in a tank by multiplying the weight density times the depth of the liquid. (The weight density is equal to the mass density times the acceleration of gravity.) That is gh P = P= pressure at the bottom of a liquid, Pa ρ=mass density, kg/m 3 h= height of the liquid, m It is common practice to express pressure measurements in terms of the equivalent pressure at the bottom of a column of a liquid of a stated height. Liquids used in pressure measurements are generally either mercury (because of its very high density) or water. Thus 29.9 in. of mercury is the pressure at the bottom of a mercury column 29.9 in. high.
With gases, pressure is also exerted equally in all directions. If a gas is inside a closed container, the pressure of the gas is the force per unit area that the gas exerts on the walls of the container. In the atmosphere, as we move above sea level, the pressure decreases because of the decreased weight of the air that is supported. At the top of Mt. Everest, air pressure is only one-third that of sea level.
GAGE PRESSURE AND ABSOLUTE PRESSURE
If you experience a flat tire and check the tire pressure, the gage reads zero. Although we might say there is no air in the tire, the fact is that the tire has air in it that is at the same pressure as the atmosphere. The gage is simply reading the difference between the atmospheric pressure and the pressure inside the tire. This difference is known as gage pressure (shown in the English system as psig). Pressure readings that include the atmospheric contribution are called absolute pressures (shown in the English system as psia). Absolute pressure is referenced to a vacuum. Most pressure gages are designed to read gage pressure; it is important to keep in mind which pressure you are using. For instance, pressure values used in calculations for the gas laws must be in absolute pressure. Another pressure measurement is called differential pressure. As the name implies, differential pressure is the difference between two pressures (shown in the English system as psid).
PRESSURE TRANSDUCERS
The variations in pressure transducer design are almost endless, but virtually all pressure transducers operate on the principle of balancing an unknown pressure against a known load. A common technique is to use a diaphragm to balance the unknown pressure against the mechanical restraining force keeping the diaphragm in place. A diaphragm is a flexible disk that is fastened on its periphery and changes shape under pressure. A spring may be used to push against the diaphragm and provide a load. The amount of movement of the diaphragm is proportional to the pressure. Diaphragms can be used on a wide range of pressures, from about 15 to 6000 psi. In simple pressure gages; the displacement of the diaphragm is mechanically linked to an indicator.
Other mechanical methods for converting pressure into displacement include a bellows and a Bourdon tube, both constructed from resilient metals. A bellows is a thin-walled corrugated tube that is sealed on one end that expands or contacts under pressure. A Bourdon tube is an elliptical or circular metal tube, closed on one end, that is made into a spiral, helix, twisted, or C shape. Pressure inside the tube tends to straighten it, causing the end to deflect. Examples of pressuresensing elements are shown in Figure 13 -26. In an electronic measuring system, it is necessary to convert the mechanical motion of the pressure-sensing element into an electrical signal. There are many conversion techniques possible; the most common are the potentiometric, reluctive, capacitive, and strain gage methods. The potentiometric method converts the displacement of the sensor into a resistance. The wiper arm of a potentiometer is mechanically linked to the pressure-sensing element, causing the resistance to change as a function of pressure. The potentiometric method is simple and less expensive than other conversion techniques; however, it suffers from the disadvantage of mechanical wear and is electrically noisy.
The reluctive method changes the inductance of one or two coils by moving some part of the magnetic circuit. One technique is to change the position of a magnetic core within a transformer.
Another is to move a diaphragm between two coils, increasing the inductance of one while decreasing the inductance of the other. The coils are electrically connected in a bridge circuit.
In capacitive transducers, the motion changes the capacitance of an internal capacitor. This is usually accomplished by moving one of the plates (diaphragm) of a capacitor. The other plate is stationary. An increase in pressure causes the plates to move together, increasing the capacitance. A related method is to center a moving plate between two fixed plates. As the diaphragm moves, the capacitance of one of the capacitors increases while the other decreases. The capacitors are electrically connected into a bridge circuit. Capacitive pressure transducers have a high-frequency response (due to low mass), implying that they can respond quickly to changes in pressure.
A strain gage can be used as a sensing element by bonding it to the diaphragm. Pressure on the diaphragm introduces strain, which is sensed by the gages and converted to an electrical resistance. Typically, gages are bonded on both sides of the diaphragm and connected in a full-or half-bridge arrangement. In the full-bridge arrangement, two gages are mounted on one side of the diaphragm~ these will be in compression while the two mounted on the other side are in tension. In the half-bridge arrangement, one gage is on either side of the diaphragm. The bridge is completed with two fixed resistors. The full-bridge arrangement gives a higher output (up to about 100 mV) for a given pressure. In addition to the active strain gages, the transducer may also contain temperature compensation and zero-balance resistors.
IV. MEASUREMENT OF MOTION
Motion can be rectilinear-along a straight line-or it can be circular-about an axis. The measurement of motion includes displacement, velocity, and acceleration. Displacement is a vector quantity that indicates the change in position of a body or point. Velocity is the rate of change of displacement, and acceleration is a measure of how fast velocity changes. Angular displacement is measured in degrees or radians.
DISPLACEMENT TRANSDUCERS
Displacement transducers can be either contacting or non-contacting. Contacting transducers typically use a sensing shaft with a coupling device to follow the position of the measurand. The sensing shaft can be connected to the wiper arm of a potentiometer. The electrical output signal can be either a voltage or a current. Potentiometric displacement transducers are simple and can be designed to mea-sure rather large displacements, but they are subject to wear and dirt and are electrically noisy. Displacement can also be converted into an electrical quantity using a variable inductor and monitoring the change in inductance. The inductance can be changed by moving the core material, varying the coil dimensions, or a sliding contact A related displacement transducer is the linear variable differential transformer (LVDT). The sensing shaft is connected to a moving magnetic core inside a specially wound transformer. A typical LVDT is shown in Figure 13 -27. The primary of the transformer is in line and is located between two identical secondaries. The primary winding is excited with ac (usually in the range of 1 to 5 kHz). When the core is centered, the voltage induced in each secondary is equal. As the core moves off-center, the voltage in one secondary will be greater than the other. With the demodulator circuit shown, the polarity of the output changes as the core passes the center position. The transducer has excellent sensitivity, linearity, and repeatability.
Figure 13-27
Noncontacting displacement transducers include optical and capacitive transducers. Photocells can be arranged to detect light through holes in an encoding disk or to count fringes painted on the surface to be measured. Optical systems are fast, but noise, including that from background light sources, can produce spurious signals in optical sensors. It is useful to build hysteresis into the system using a Schmitt trigger if noise is a problem.
Fiber-optic sensors make excellent proximity detectors for close ranges. Reflective sensors use two fiber bundles, one for transmitting light and the other for receiving light from a reflective surface, as illustrated in Figure 13 -28. Light is transmitted in the fiber bundle without any significant attenuation. When it leaves the transmitting fiber bundle, it forms a spot on the target that is proportional to the distance. The receiving bundle is aimed at the spot and collects the reflected light to an optical sensor. The light intensity detected by the receiving bundle depends on the physical size and arrangement of the fibers as well as the distance to the spot and the reflecting surface, but the technique can respond to distances approaching 10-6 in. The major disadvantage is limited dynamic range. Capacitive sensors can be made into very sensitive displacement and proximity transducers. The capacitance is varied by moving one of the plates of a capacitor with respect to the second plate. The moving plate can be any metallic surface, such as the diaphragm of a capacitive microphone or a surface that is being measured. The capacitor can be used to control the frequency of a resonant circuit to convert the capacitive change into a usable electrical output.
VELOCITY TRANSDUCERS
Since velocity is the rate of change of displacement, velocity can be determined by using a displacement sensor and measuring the time between two points. A direct measurement of velocity is possible with certain transducers that have an output proportional to the velocity to be measured. They sense either linear or angular velocity.
Linear velocity transducers can be constructed using a permanent magnet inside a concentric coil forming a simple motor by generating an emf proportional to the velocity. Either the coil or the magnet can be fixed and the other moved with respect to the fixed component. The output is taken from the coil.
There is a variety of transducers designed to measure angular velocity. Tachometers are angular velocity transducers that provide a dc or ac voltage output. Dc tachometers are basically small generators with a coil that rotates in a constant magnetic field. A voltage is induced in the coil as it rotates in the magnetic field. The average value of the induced voltage is proportional to the speed of rotation and the polarity is indicative of the direction of rotation, an advantage with dc tachometers. Ac tachometers can be designed as generators that provide an output frequency proportional to the rotational speed.
Another technique for measuring angular velocity is to rotate a shutter over a photosensitive element. The shutter interrupts a light beam focused on a photo-cell, thereby causing the output of the photocell to fluctuate at a rate proportional to the rotational speed.
ACCELERATION TRANSDUCERS
Acceleration is usually measured by use of a spring-supported seismic mass mounted in a suitable enclosure, as shown in Figure 13 -29. Damping is provided by a dashpot. The relative motion between the case and the mass is proportional to the acceleration. A secondary transducer such as a resistive displacement transducer is used to convert the relative motion to an electrical output. In the ideal world, the mass does not move when the case accelerates because of its inertia; in practice it does because of forces applied to it through the spring. The accelerometer has a natural frequency, the period of which should be shorter than the time required for the measured acceleration to change. Accelerometers used to measure vibration should also be used at frequencies less than the natural frequency.
An accelerometer that uses the basic principle of the LVDT can be constructed to measure vibration. The mass is made from a magnet that is surrounded by coils. Voltage induced in the coils is a function of the acceleration.
Another type of accelerometer uses a piezoelectric crystal in contact with the seismic mass. The crystal generates an output voltage in response to forces induced by the acceleration of the mass. Piezoelectric crystals are small in size and have a natural frequency that is very high; they can be used to measure high-frequency vibration. The drawback to piezoelectric crystals is that the output is very low and the impedance of the crystal is high, making it subject to problems from noise. 
